Li-ion batteries using Si particles as anode materials have attracted attention because of their extremely high theoretical capacities. However, they experience extensive volume expansion during lithiation in the process of charging, dramatically affecting the battery lifetime. To mitigate these expansion effects and improve the capacity, Si nanoparticles and occasionally SiO x particles have been effective. Therefore, the production of Si nanoparticles is necessary. For these purposes, the solution plasma discharge method was applied. We improved previous work on the plasma discharge method by adjusting the electrolyte medium conditions via controlling the pH, solution conductivity, electrolyte concentration, and voltage, successfully generating Si nanoparticles with diameters of <10 nm and SiO x particles of <50 nm in diameter. These crystalline Si and amorphous SiO x particles were characterized using microscopy and spectroscopy.
Introduction
Energy storage is a global issue, particularly in the development of batteries with high energy capacities, which are needed for large-sized electronics including electric vehicles. 1, 2) Li-ion batteries using Si crystals, instead of commonly used carbon materials, as anode active materials have recently attracted attention. The energy capacity of carbon materials is limited to 372 mA·h/g, while Si has the theoretical capacity of 4200 mA·h/g. 3) However, the large volume change of Si anodes during the chargedischarge cycle can pulverize Si electrodes, shortening the battery cycle life. Electrodes using nano-sized Si particles (NSiP) can avoid such volume change 4) and furthermore improve the performance of the Li-ion battery remarkably. 5) Decreases in NSiP size and the inclusion of SiO x nanoparticles may further effectively suppress electrode material volume changes; 6, 7) many investigations of the fabrication and structure of amorphous SiO x have been reported. 813) For the commercial application of these nanoparticles in batteries, lower-cost mass production methods are needed. The solution plasma technique offers many advantages, including a simple experimental setup, the use of readily available precursors, avoidance of harmful chemicals, increased productivity relative to conventional solution processes, and suitability for mass production.
1417)
Here, we produced desirable crystalline NSiP and SiO x nanoparticles using this technique, in which not only the electrolytic voltage and current but also PH of various electrolytes were controlled. The size distribution and crystallinity of the products were evaluated based on transmission electron microscopy (TEM), including lattice images, and energy-dispersive X-ray spectroscopy (EDS) analysis.
Experimental
An electrolytic cell was used to produce the nanoparticles. The principle of the cell is shown in Fig. 1 with EDS analysis, as well as electron energy-loss spectroscopy (EELS) analysis (FEI, Titan cubed TEM) at 300 kV.
Results and Discussion
The properties of crystalline Si particles were previously successfully controlled by manipulating the electrolytic solution composition and cell voltage. 14) Based on these results, we attempted to produce desirably sized NSiP and oxide NSiP of <10 nm and <50 nm, respectively, by controlling the electrolytic solution compositions and pH and adjusting the cell voltage. Figure 2 shows the NSiP distributions produced in different electrolytic solutions. The NSiP sizes are changed depending on the electrolytic solution; relatively larger crystalline NSiP are produced in acidic solutions with pH < 7 of 0.1 mol/dm 3 HNO 3 and 0.1 mol/dm 3 HCl. However, in the 0.1 mol/dm 3 KCl and 0.2 mol/dm 3 LiCl solutions with pH < 5, most NSiP sizes were definitely <5 nm. These results suggest that not only the electrolytic solution but also the solution pH affect the produced particle sizes. However, when the potassium citrate and lithium citrate solutions of 0.1 mol/dm 3 and higher initial pH (>7) were used, the pH was increased to >7.5 during plasma electrolysis. In an alkaline electrolytic solution, the produced Si particles were not crystalline but amorphous in phase.
Effects of electrolytic solutions on NSiP production
This clarified that acidic and alkaline solutions significantly affect the resultant NSiP phases, with crystalline Si particles formed in acidic solutions and amorphous oxide particles formed in alkaline solutions.
3.2 H 3 BO 3 addition effect on Si particle size Figure 3 shows the TEM observation of Si particles obtained when plasma discharge is performed at 185 V in an electrolytic solution containing 0.125 mol/dm 3 Figure 5(a) and (b) show the bright-field image and dark-field image taken from a part of SAD pattern. In addition, Fig. 5(c) shows the lattice images observed by high-resolution TEM, and any oxide films were not observed in these particles. From these results it was identified that these small NSiP are crystalline ones with small nano size.
3.3 Nature of SiO x produced by plasma discharge method In the previous section, SiO x particles produced in alkaline electrolytic solution were shown to be amorphous in phase.
To study the more detailed structures of the oxide particles, the particles were analyzed by high-angle annular dark-field (HAADF) imaging and EELS. The results are shown in Fig. 6 . The SiO x particles are produced from the potassium citrate electrolytic solution. The average size of the oxide NSiPs is ³50 nm, and the selected area diffraction (SAD) pattern shows a ring indicating an amorphous phase. The HAADF image depicts nanoscale (³4 nm in diameter) domains with faint white contrast, as observed in Fig. 6(a) . Furthermore, Fig. 6(c) is the EELS profile taken from a white-contrast domain indicated with a box in Fig. 6(b) , in which the profiles of standard Si and SiO 2 are indicated for comparison. 8) The obtained spectrum from the white domain region is not coincident with both Si and SiO 2 , but seems to be a mixture. A similar spectrum for SiO was reported. 9, 18) The spectrum analyzed in the present study may reveal the existence of Si-rich domains such as SiO.
To confirm the Si-rich domain formation in the oxide NSiPs, the structural change under electron irradiation was observed during in situ observation at 200 kV because Si oxides such as SiO 2 and SiO experience phase changes under electron irradiation. 19 ,20) Figure 7 shows an example of structural change during TEM observation under focused ion beam irradiation. Figure 7 (a) shows one SiO x particle of ³50 nm in diameter before electron exposure (irradiation), while Fig. 7(b) shows the same particle after about 5 min electron exposure corresponding to 5 © 10 10 e/cm 2 . The circumference of the oxide particle becomes irregular; simultaneously, a dot-like domain of ³3 nm in diameter appears with darker contrast. With continued electron irradiation, nano-sized particles are often observed with lattice fringes around the circumference of the SiO x particle, as shown in Fig. 7(c) . The SAD pattern and its fast Fourier transform (FFT) image taken from this region (marked with a circle) identified the lattice spacing of 0.31 nm, which corresponds well to the (111) plane of Si crystals. These results indicate that the oxide NSiP produced in the present experiment showing amorphous phase may comprise crystalline NSiP with Si-rich phases and SiO 2 . 13, 21) In addition, EDS analysis was performed on the oxide NSiP. The Si and O concentrations before electron irradiation were ³37 at% Si and ³62 at% O. However, the Si and O concentrations of the particle shown in Fig. 6(b) are 55 at% Si and 45 at% O after electron irradiation. This indicates that electron irradiation preferentially removes O atoms from silicon oxide phases such as SiO 2 , 20) thus increasing the Si concentrations measured after irradiation because of the Si- rich domains remaining in the particles. Based on the analysis of the oxide NSiP, nanosized Si crystalline particles produced in the process of plasma emission seem to aggregate, forming clusters; these clusters are oxidized in alkaline solutions, but are rapidly cooled in electrolytic solutions. Thus, the Si-rich NSiP would include clusters of oxide NSiPs. 
Summary
The main results obtained in the present experiments on NSiP production via plasma discharge are as follows:
(1) The structure of the produced NSiP depended on the electrolytic solution; crystalline Si particles were produced in acidic electrolytes while SiO x particles were produced in alkaline electrolytes. (2) Crystalline NSiPs of <5 nm in diameter on average were produced in the acidic electrolytic solution of LiCl adjusted to pH < 7. (3) The solution pH was increased during plasma electrolysis. Amorphous SiO x particles were produced in alkali solutions with pH > 7.5. (4) The concentrations of Si and O in the SiO x particles changed under electron irradiation; the Si and O concentrations increased and decreased, respectively, with Si-rich particles separating from the main particle. (5) From HAADF observation and EELS data for local domain regions, SiO x particles coexisted with Si-rich crystalline nanoparticles emitted from the Si electrode during cooling in the electrolytic solution.
